b Shiga toxin-producing Escherichia coli (STEC) is a major cause of severe food-borne disease worldwide, and two Shiga toxins, Stx1 and Stx2, are primarily responsible for the serious disease consequence, hemolytic-uremic syndrome (HUS). Here we report identification of a panel of heavy-chain-only antibody (Ab) V H (VHH) domains that neutralize Stx1 and/or Stx2 in cell-based assays. VHH heterodimer toxin-neutralizing agents containing two linked Stx1-neutralizing VHHs or two Stx2-neutralizing VHHs were generally much more potent at Stx neutralization than a pool of the two-component monomers tested in cell-based assays and in vivo mouse models. We recently reported that clearance of toxins can be promoted by coadministering a VHHbased toxin-neutralizing agent with an antitag monoclonal antibody (MAb), called the "effector Ab," that indirectly decorates each toxin molecule with four Ab molecules. Decoration occurs because the Ab binds to a common epitopic tag present at two sites on each of the two VHH heterodimer molecules that bind to each toxin molecule. Here we show that coadministration of effector Ab substantially improved the efficacy of Stx toxin-neutralizing agents to prevent death or kidney damage in mice following challenge with Stx1 or Stx2. A single toxin-neutralizing agent consisting of a double-tagged VHH heterotrimer-one Stx1-specific VHH, one Stx2-specific VHH, and one Stx1/Stx2 cross-specific VHH-was effective in preventing all symptoms of intoxication from Stx1 and Stx2 when coadministered with effector Ab. Overall, the availability of simple, defined, recombinant proteins that provide cost-effective protection against HUS opens up new therapeutic approaches to managing disease.
S
higa toxin (Stx)-producing Escherichia coli (STEC) bacteria cause both sporadic and major outbreaks of diarrheal disease through consumption of contaminated food or water. For example, in 2011, an outbreak of STEC in Germany was due to contaminated sprouts (1, 2) . STEC (which includes enterohemorrhagic E. coli [EHEC] ) infection typically causes acute bloody diarrhea and abdominal cramping. In 2 to 10% of patients, mostly children and the elderly, hemolytic-uremic syndrome (HUS), which is characterized by acute renal failure, hemolytic anemia, and thrombocytopenia, develops as a sequela. HUS is a severe complication requiring blood transfusion, kidney dialysis, and sometimes kidney transplantation. The major virulence determinants of STEC are attributed to the Shiga toxins Stx1 and Stx2 (3) . Both toxins contribute to disease in animal models (4) , but in humans Stx2 is more often linked to HUS (5) (6) (7) (8) .
Stx1 and Stx2 each consist of an A subunit N-glycosidase and five B subunits that bind to the Gb3 receptor, leading to cell internalization (9, 10) and inhibition of protein synthesis, which triggers apoptosis (4, (11) (12) (13) (14) . The toxins primarily affect the glomerular endothelial endothelium in humans (15) and the renal tubular epithelium in mice (16) , which express the Gb3 receptor. The systemic consequences of intoxication are vascular dysfunction, leukocyte recruitment, and thrombus formation, which can lead to HUS (reviewed in reference 17).
Antibiotic treatment is not recommended for STEC infection (18) , so treatment is limited to fluid replacement and supportive care (4, 19) . Thus, there is a need for new treatment options. Currently, anti-Stx monoclonal antibodies (Abs) (MAbs) show promise in animal models (20) (21) (22) (23) (24) (25) , and clinical trials are ongoing (Thallion Pharmaceuticals). It remains unknown whether antitoxin antibodies administered after the onset of diarrheal symptoms will prevent or modify the outcome of HUS (23, 25) . Even if effective, the use of MAb-based antitoxins may be too costly to stockpile them as a therapeutic option, since different MAbs are likely required to neutralize the two Shiga toxins and multiple different MAbs targeting each toxin may be needed to decorate the toxins and promote their clearance via low-affinity Fc receptors (FcRs) (26, 27) .
We have developed an alternative antitoxin platform (28) that has advantages over current strategies. Our antitoxins contain just two simple proteins: a "VHH (heavy-chain-only Ab V H )-based neutralizing agent" (VNA) and an "effector Ab" (efAb) (28) . The VNAs consist of linked VHHs, produced as heteromultimers, that bind and neutralize their toxin targets. The VHH components of VNAs are 14-kDa camelid heavy-chain-only Ab V H domains. VHHs are robustly expressed by recombinant E. coli and thus economical to produce (28, 29) . To promote toxin clearance, the VNA can be coadministered with a single antitag MAb, the efAb, that binds to multiple epitopic tags engineered into each VNA molecule. When VNAs are bound at separate sites on the toxin and each VNA is bound to two or more efAbs through the tags, the toxin becomes decorated by sufficient efAbs to promote liver clearance (30) , presumably by low-affinity FcRs.
Here we report the identification of Stx-binding VHHs that neutralize each of the Shiga toxins, Stx1 and Stx2, and some VHHs that neutralize both toxins. VHH heterotrimer VNAs in which a single VNA protein potently neutralizes both Stxs through binding at two separate sites on each toxin are described. The heterotrimeric VNAs have much greater antitoxin efficacy when the VNA is coadministered with the efAb. These simple antitoxin agents, effective against both Shiga toxins, should offer new therapeutic options for treating STEC infections to prevent HUS sequelae.
MATERIALS AND METHODS
Ethics statement. All studies followed protocols approved by the Tufts University Institutional Animal Care and Use Committee (IACUC).
Toxins and reagents. O157:H7 Stx1 purified from cell lysates of Stx1-producing E. coli HB101-H19B (31) and O157:H7 Stx2 from culture supernatants of Stx2-producing E. coli C600W (31) as previously described (32) were obtained from Phoenix Lab at Tufts Medical Center. The toxins were dissolved at 1 mg/ml in phosphate-buffered saline (PBS), aliquoted, and stored at Ϫ80°C. Purified anti-Stx1 MAb 4D3 and anti-Stx2 MAb 3D1 were obtained as we described previously (21, 22) . Reagents for Western blotting were purchased from KPL. Antibodies used were anti-E-tag MAb (Phadia), horseradish peroxidase (HRP)-anti-E-tag MAb (Bethyl Labs), and HRP-anti-M13 Ab (GE Healthcare).
Preparation of Stx reagents for immunization. Intact Stx1 B subunit (Stx1B) and Stx2 A unit (Stx2A) and Stx2 B subunit (Stx2B) were produced as recombinant proteins in E. coli. The DNAs encoding the subunits (GenBank accession no. M19473.1 and EF441614.1) were amplified by PCR and ligated into pET-25B in frame with C-terminal His tags, and plasmids were confirmed by sequencing. Expression and purification of recombinant Stx subunits were performed essentially as previously described for VHH expression (33) . The purified proteins were dialyzed against PBS, sterilized using 0.22-m filter, and stored at Ϫ70°C. Stx1 and Stx2 toxoids were prepared by formalin inactivation of the holotoxins followed by dialysis against PBS and storage at Ϫ70°C.
Alpaca immunization and VHH-display library preparation. An alpaca was immunized by four successive multisite subcutaneous injections at 3-week intervals using an immunogen consisting of 50 g of Stx1 toxoid and 50 g of Stx2 toxoid in alum/CpG adjuvant. Serum at the completion of the immunization process contained Ab titers for Stx1 of approximately 1:10,000 and for Stx2 of approximately 1:100,000. Six days following the final boost, blood was obtained for lymphocyte preparation, and a VHH display phage library was prepared from the immunized alpaca as previously described (33, 34, 40) . More than 10 6 independent clones were prepared from B cells of the alpaca successfully immunized with each of the immunogens.
ELISAs and Western blots. Capture enzyme-linked immunosorbent assays (ELISAs) were performed by first coating plates with 0.5 g/ml of 4D3 MAb for Stx1 and 3D1 MAb for Stx2 (32) . After blocking, the plates were incubated with 0.3 g/ml of Stx1 or Stx2. For standard ELISAs, plates were coated with 1.5 g/ml of Stx1 or Stx2 or 2 g/ml Stx subunits. Test VHH agents were serially diluted, incubated for 1 h at room temperature (RT), and washed, and bound agent was detected with HRP-anti-E tag. Bound HRP was detected using the tetramethylbenzidine (TMB) kit (Sigma), and values were plotted as a function of the input VHH concentration. Fifty percent effective concentrations (EC 50 s) were estimated from these plots as the VHH concentration that produced a signal equal to 50% of the peak binding signal. Competition ELISAs were performed as previously described (28) . Western blotting to identify Stx subunit recognition of the purified VHHs was performed as previously described (28) .
Anti-Stx VHH identification and preparation. About 2 ϫ 10 6 independent clones were prepared from B cells of the alpaca successfully immunized with the Stx immunogens. Panning, phage recovery, and clone fingerprinting were performed much as previously described (28, 33, 34) but with the following variations. Separate panning processes were always performed for Stx1 and Stx2. Panning for each toxin was initially performed using plastic coated with toxin (Nunc Immuno), and later another panning process was performed using the toxins captured on plastic with a MAb. For each process, three cycles of panning were performed: two cycles at "low stringency" and the third cycle at "high stringency." For low-stringency panning, plastic wells were coated directly with the two Stx toxins at 10 g/ml or the toxins were captured to plastic with 5 g/ml of capture MAb (see above) followed by 1.5 g/ml of toxin. Wells were incubated for 1 h with about 10 12 input phage, followed by 15 rapid washes, a 15-min wash, and elution of bound phage. For high-stringency panning, plastic wells were coated with the two Stx toxins at 0.5 g/ml or the toxins were captured to plastic with 5 g/ml of capture MAb (see above) followed by 0.15 g/ml of toxin. Wells were incubated for 10 min with about 10 10 input phage, followed by 15 rapid washes, a final wash of 1 h, and elution.
After plating phage from the third panning cycle, individual colonies were picked and grown overnight at 37°in 96-well plates. A replica plate was then prepared by transferring 2 l of culture to another 96-well plate containing 180 l of culture medium. After 4 h of incubation at 37°C, isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to 3 mM in all wells and incubation was continued at 30°C overnight. Bacteria were pelleted by centrifugation at 1,000 ϫ g, and 50 l of the supernatant was screened for Stx-binding soluble VHH by ELISA as described above.
For each panning regimen, about 10 to 20% of VHH clones were positives for binding to Stx1 and Stx2 based on ELISA signals of at least 2ϫ the signal of negative controls. About 100 positives for each toxin were selected for "DNA fingerprinting." For this, the VHH coding region was amplified from each of the clones by PCR and separately digested with HaeIII, BsaJ1, or BstNI. The products of the digests were resolved on gels in an effort to identify clones with distinctive digestion products. Eighteen unique DNA fingerprints were identified among the VHHs selected as positives for Stx1 and 25 for VHHs selected as positives for Stx2. One or two clones from each group of clones with apparently identical DNA fingerprints were selected for DNA sequence analysis of the VHH coding region. Generally, clones selected for sequencing were those from each fingerprint group that produced the strongest ELISA signals. DNA sequences of the VHH coding regions were obtained and analyzed by phylogenetic tree analysis to identify closely related VHHs likely to have common B cell clonal origins. Phylogenetic trees were obtained using Accelrys Gene 2.0 software following alignment of only the VHH amino acid sequences encoded internal to the PCR primers which were employed to amplify the VHH coding DNAs from alpaca B cells (i.e., primer binding sites and hinge regions were excluded). Based on this analysis, VHHs that appeared to be unrelated to any other VHH were selected for protein expression. In addition, some VHHs that produced particularly strong signals on ELISA but were distantly related to other VHHs, as well as VHHs that appeared to have interesting properties, such as cross-specificity to both Stxs, were also selected for protein expression.
Expression and purification of VHHs in E. coli as recombinant thioredoxin (Trx) fusion proteins containing hexahistidine was performed as previously described (33) . VHH heteromultimers were engineered such that all VHHs were in the same reading frame separated by DNA encoding a 15-amino-acid flexible spacer [(GGGGS) 3 ]. All monomer VHHs were expressed with a carboxyl-terminal E-tag epitope. All heteromultimer VHHs were engineered to contain a second copy of the E tag in frame between the Trx and VHH domains (28) . Competition analysis was performed as previously described (28) to identify VHHs that may bind to identical or overlapping epitopes.
Kinetic analysis by surface plasmon resonance. Studies to assess the kinetic parameters of the VHHs were performed using a ProteOn XPR36 protein interaction array system (Bio-Rad, Hercules, CA) after immobilization of Stx1 or Stx2 by amine coupling chemistry using the manufacturer's recommended protocol. Briefly, after activation of a ProteOn GLH (high protein immobilization capacity) chip surface with a mixture of 0.4 M EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) and 0.1 M sulfo-NHS (N-hydroxysulfosuccinimide) injected for 300 s at 30 l/min, Stx1 or Stx2 was immobilized by passing a 90-or 30-g/ml solution of the protein, respectively, at pH 5 over the surface for 150 s at 25 l/min. The surface was deactivated with a 30-l/min injection of 1 M ethanolamine for 300 s. A concentration series for each VHH (between 1.5625 nM and 400 nM, optimized for each antibody fragment) was passed over the surface at 100 l/min for 60 s, and then dissociation was recorded for 600 s or 1,200 s. The surface was then regenerated with a 30-s injection of 50 mM HCl at 50 l/min. Running buffer for these studies was 10 mM HEPES, pH 7.4, 150 mM NaCl, and 0.005% Tween 20. Data were evaluated with ProteOn Manager software (version 3.1.0.6) using the Langmuir interaction model. Reported values are the means for at least four runs.
Cell-based Shiga toxin neutralization assay. Stx neutralization by VHH-based agents was assessed as previously described (35) with the following modifications. Vero cells (ATCC CCL-81) were cultured in 96-well plates in 100 l of minimum essential medium (Mediatech Inc.), supplemented with 10% fetal bovine serum (FBS) (HyClone). Cells were plated at about 10,000 cells/well the day prior to the assay. Stx doses were determined by performing a dose-response assay with each batch of toxin. Serial dilutions of Stx were added to wells of near-confluent Vero cells, cultured for 48 h, and stained with crystal violet. The Stx dose selected for neutralization assays was the minimum dose that caused Ͼ90% cell death based on reduced well staining (A 590 ). Typically these doses were ϳ0.1 ng/well (ϳ15 pM) for Stx1 and ϳ0.25 ng/well (ϳ35 pM) for Stx2. Control wells containing dilutions of toxin were included in each assay to confirm that the toxin potency on the cells was as previously measured. Serial dilutions of various test antitoxin agents were generated in culture medium, combined with toxin, and incubated for 1 h at 37°C. Toxin-only control wells were always included. Vero cell medium was removed and replaced with the mixture of test agents and toxin, followed by culture for 48 h prior to staining and reading of absorbance at 590 nm. Fifty percent inhibitory concentration (IC 50 ) estimates were assessed as the agent concentration that produced a signal that was 50% of the difference between the peak signal and the baseline signal from wells having no agent.
In vivo mouse assay of Shiga toxin lethality. Female CD1 mice, 15 to 17 g each (Charles River Labs), were weighed and sorted into groups of five mice each to minimize intergroup weight variation. The minimum lethal dose (MLD) of Stx1 and Stx2 was determined based on dose-response studies. For evaluation of test agents, a dose of 1.25ϫ the MLD was utilized: 60 ng Stx2/mouse or 1.25 g Stx1/mouse. Solutions of test agents and Stx were prepared at twice the final concentration required, and then 600 l of test agent and 600 l of the selected Stx in PBS were combined, resulting in the final desired concentration of each component. Following incubation at room temperature for 30 min, 200 l of the mixture was administered by intravenous tail vein injection at time zero to mice in groups of five. Mice were monitored 4 to 6 times each day and individually scored for overall disposition, presence of central nervous system signs (trembling, ataxia, paralysis, and opisthotonos), activity level, and mortality. Mice that were moribund or exhibiting central nervous system signs were euthanized. The time to death was determined for each mouse. No relapse was found to occur through 18 days in VHH-or MAb-treated mice that survived the lethal dose of Stx1 or Stx2 in an early study, so surviving mice in subsequent studies were typically euthanized after a week. Mouse survival data were analyzed nonparametrically via KaplanMeier and log rank tests (SigmaPlot for Windows v. 12.3; Systat Software, Inc.).
Tissue evaluation by light microscopy. Following euthanasia, right and left kidneys from each mouse were harvested, fixed in 10% neutral buffered formalin, dehydrated, paraffin embedded, sectioned at 3 m, stained with hematoxylin and eosin, and evaluated by board-certified veterinary pathologists (R. Peters and G. Beamer) blinded to the treatment groups. Tubular lesions were quantified by counting the number of affected tubules in 6 random 20ϫ fields in the cortex and corticomedullary junctions from the left and right kidneys.
Nucleotide sequence accession numbers. The novel nucleotide sequences reported in this paper have been deposited in GenBank under accession numbers KF551949 to KF551958.
RESULTS

Identification and binding properties of VHHs recognizing Stx1
and/or Stx2. Heavy-chain-only Vh (VHH) binding agents were obtained from a VHH display phage library representing the VHH repertoire of an alpaca immunized with both Stx1 and Stx2 immunogens. Eighteen clearly distinct Stx1-binding VHHs and 25 Stx2-binding VHHs were identified using DNA fingerprinting. Coding DNA analysis of the Stx-binding VHHs (representatives are shown in Fig. S1 in the supplemental material) identified numerous unique VHHs and a large group of related VHHs (a dendrogram is shown in Fig. S2 ). The group of related VHHs contained clones selected on both Stx1 and Stx2, including some that were virtually identical (e.g., Stx-F1 and Stx-H3). These results suggested (confirmed below) that VHH members of this group recognize both Stx toxins. Eleven members of the large homology group and each of the unique Stx1-and Stx2-selected VHHs (all the VHHs in Fig. S1 ) were expressed as soluble proteins and purified for further characterization.
Anti-Stx VHH binding to Stx1 and Stx2 was assessed by dilution ELISA, and representative results are shown in Fig. 1 and 2 . The ELISA results confirmed that all 11 members of the large VHH homology group (see Fig. S2 in the supplemental material) recognized both Stx1 and Stx2, although with wide variation in the relative EC 50 s for the two toxins. The two VHHs in this homology group having the lowest EC 50 for both Stx1 and Stx2 (Stx-A4 and Stx-A5) were selected for further study. All of the remaining VHHs were highly specific for either Stx1 or Stx2. The two Stx1-specific VHHs with the lowest EC 50 s (Stx1-A9 and Stx1-D4) and the six Stx2-specific VHHs with lowest the EC 50 s (Stx2-A6, Stx2-D2, Stx2-D10, Stx2-G1, Stx2-G9, and Stx2-H6) were selected for further study.
Selected Stx-binding VHHs were further characterized for affinity and subunit recognition. Binding affinities (equilibrium dissociation constant [K D ]) were determined by performing surface plasmon resonance (SPR). These data correlated well with EC 50 s ( Table 1 ) and confirmed the Stx cross-specificity of Stx-A4 and Stx-A5. Several VHHs displayed K D values in the subnanomolar range, indicating very high affinity. Western blot analysis (see Fig. S3 in the supplemental material) detected binding to the Stx1 and Stx2 subunits following SDS-PAGE and specificity matched the ELISA and SPR data. Surprisingly, all VHHs recognize the Stx B subunits except for Stx1-D4, which recognizes the Stx1 A subunit. Despite the high affinity of these VHHs for native Stxs, binding to the denatured Stx1/2 B subunits on the Western blots was generally poor, suggesting that these VHHs recognize conformationally sensitive epitopes. Stx subunit binding for the VHHs as reported in Table 1 was confirmed by ELISAs using purified recombinant Stx subunits (not shown).
Stx binding studies are complicated by the fact that Stx1 and Stx2 both contain a pentameric B subunit and thus VHHs binding to the B subunit have the potential to bind at five separate sites on each toxin molecule. SPR analyses were unable to detect differences in the extent of binding between the various VHHs recognizing Stx A or B subunits, and no conclusions could be reached as to the binding valency. Consequently, we were unable to assess the influence of valency on the binding kinetics.
Competition ELISAs demonstrated that VHHs binding to the B subunit, including both the Stx-specific VHHs and the crossspecific VHHs, displayed some ability to compete for the binding of the other VHHs recognizing B subunits of the same toxinotype. VHHs with a lower K D for Stx, as expected, were stronger competitors than the other VHHs. The results imply that all VHHs recognizing the Stx B subunit bind at the same or overlapping epitopes or induce conformational changes that reduce binding by other VHHs.
Binding properties of Stx-binding VHH heterodimers. We previously showed that linking of two toxin-neutralizing VHHs into heterodimers that also contain two epitopic tags (called a VHH-based neutralizing agent [VNA]) neutralized the toxin target and protected animals from intoxication. Antitoxin protection, especially with high-dose challenge, was enhanced by coadministration of an antitag effector antibody (efAb) (28) . As shown in Fig. 3A , the doubly tagged heterodimer directs four efAb molecules to the toxin, leading to clearance from the serum (30) . To test this strategy with Shiga toxins, several heterodimeric VNAs were generated by fusing different combinations of two VHHs that target Stx1 and/or Stx2. The five heterodimeric VNAs with highest affinities for Stx1 and Stx2 are listed in Table 2 . The binding properties of these VNAs were assessed by dilution ELISAs ( Fig. 1 and 2) , and EC 50 s were estimated (Table 2) .
In most cases, heterodimeric VNAs displayed substantially lower EC 50 and K D values than either VHH alone (Table 2) , suggesting that linking the VHHs together improves target affinity. Enhanced binding affinities were unambiguous when the twocomponent VHHs had lower target affinity, such as with the Stx cross-specific VHHs, Stx-A4 and Stx-A5. In this case, monomer VHHs displayed EC 50 and K D values in the range of 1 to 30 nM for both Stx1 and Stx2, while the A5/A4 heterodimer displayed subnanomolar values, about 10ϫ improvements. Similar improvements were observed with other heterodimers (e.g., A9/A4 and G1/D10) when both VHH components recognized the same Stx toxinotype. Some heterodimer combinations, such as A9/D4 and A5/D10, did not improve affinity compared to results with the component monomers, possibly because both VHHs did not recover full function expressed in linked form.
Shiga toxin neutralization properties of VHH-based agents recognizing Stx1 and/or Stx2. Stx1-and Stx2-binding VHHs were assessed for their toxin neutralization potency in a cell-based assay. Dilution assays are shown in Fig. 4 for Stx1 and in Fig. 5 for Stx2. The results, including the IC 50 estimates from serial dilution assays, are summarized in Tables 1 and 2 . All of the VHHs in Table  1 , except Stx1-D4 (Fig. 4C) , displayed some ability to neutralize one or both of the Stxs (Fig. 4 and 5) . As expected, none of the VHHs tested showed neutralizing activity on an Stx for which no binding was detected by ELISA or SPR. VNAs with low ELISA EC 50 s displayed low cell-based neutralizing IC 50 s, indicating that toxin affinity plays an important role in neutralization. The crossspecific VHH monomers Stx-A4 and -A5 displayed substantially higher IC 50 s than EC 50 s and were poor toxin neutralizers as monomers. The Stx1-or Stx2-specific VNAs generally displayed IC 50 s that were equal to or slightly lower than the EC 50 s and were as low as 100 pM for Stx2-specific VHH Stx2-G1.
Stx neutralization by the heterodimeric VNAs listed in Table 2 was assessed by comparing their IC 50 s with those of equimolar pools of their two-component monomers. As shown in Fig. 4 and 5, neutralization potency of monomer pools is never greater than that of the most potent monomer in the pool. In contrast, linking VHHs into a heterodimeric VNA almost always improved neutralization potency. This was most apparent with the poorly neutralizing Stx cross-specific VHHs, Stx-A4 and StxA5, for which the Fig. 2 and 3) . d IC 50 s assessed by cell assays (see Fig. 4 and 5) . ND, not done. e Slight cross-reactivity to Stx1.
A4/A5 heterodimer potency on both Stx1 and Stx2 was 100-fold greater than that of the pool of monomer VHH components (Fig.  4A and 5A and Tables 1 and 2 ). Similar major improvements in potencies of heterodimeric VNAs compared to those of monomer pools were observed with Stx-A4 and Stx1-A9 (Fig. 4B) and Stx-A5 and Stx2-D10 (Fig. 5C ). Interestingly, a heterodimer joining the nonneutralizing VHH, Stx1-D4, and the neutralizing VHH, Stx1-A9, was substantially more potent at neutralizing Stx1 than was an equimolar treatment with Stx1-D4 and Stx1-A9 monomers, suggesting that the improvement in affinity afforded by the A9/D4 heterodimer versus that with the Stx1-A9 monomer (Tables 1 and 2 ) is sufficient to improve the neutralizing potency. Only one heterodimeric VNA, G1/D10, did not achieve Stx neutralization potency greater than those of the component monomers (Fig. 5B) . This is likely because the neutralizing IC 50 of the monomer, Stx2-G1, at 40 pM, is approximately the same as the Stx2 concentration (35 pM) used in the cell-based assay. Since neutralization is expected to require at least a 1:1 stoichiometric ratio of agent/toxin, further improvement in potency may not be possible even if higher-affinity VHHs are identified (Tables 1 and   2 ). By this analysis, many of the VHH-based anti-Stx VNAs in Table 2 were found to be effective at Stx neutralization when combined at equimolar ratios to the toxin target (e.g., A9/A4 with Stx1 and for A5/A4, A5/D10, and G1/D10 with Stx2).
VHH heteromultimers that recognize both Shiga toxins Stx1 and Stx2. An ideal antitoxin agent for the Shiga toxins would be a single protein capable of neutralizing both Stx1 and Stx2. Because some neutralizing VHHs were cross-specific for both Stx1 and Stx2, we engineered VNAs that included one Stx cross-specific VHH and two neutralizing VHHs specific to either Stx1 or Stx2. Two such heterotrimeric VNAs were produced, one combining Stx1-A9, Stx-A5, and Stx2-D10 (A9/A5/D10) and another combining Stx1-A9, Stx-A5, and Stx2-G1 (A9/A5/G1). Each VHH in the VNAs was separated by a flexible spacer region (GGGGS) 3 , and a copy of the E-tag peptide was present at the amino and carboxyl sides of the VHH heterotrimer.
The Stx-binding properties of the two heterotrimer VNAs were characterized by ELISAs and neutralization assays. Fig. 2 and 3) . ND, not done. c IC 50 s assessed by cell assays (see Fig. 4 and 5) .
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and K D values of the heterotrimeric VNAs (Table 2) were similar to those of corresponding heterodimer VNAs, indicating that the full binding functions of all three VHHs in the heterotrimers were retained. Both Stx-binding heterotrimer VNAs also showed excellent neutralization properties against both Stx1 and Stx2 in cellbased assays (Fig. 4D and 5C and D) . In fact, the IC 50 estimates for the heterotrimer VNAs were near the toxin concentrations for both Stx1 and Stx2, implying that each agent was able to neutralize both toxins when present at concentrations nearly equimolar to those of the toxins (Table 2 ) in these assays. Thus, a single heterotrimer VNA consisting of a high-affinity Stx1-binding VHH, a high-affinity Stx2-binding VHH, and a moderate-affinity Stx cross-specific VHH is capable of potent neutralization of both Stx1 and Stx2. Protection from Shiga toxin intoxication in mice using VHH-based antitoxin agents. Stx1-and Stx2-binding monomer VHHs and heteromultimeric VNAs were tested for the ability to protect mice from Stx lethality. For these studies, 40 pmol of VHH or VNA was coadministered with toxin. A 1.25ϫ minimal lethal dose (MLD) of Stx1 was found to be about 20 pmol, while for Stx2, this was about 1 pmol. As a result of the different Stx potencies, the doses of VHH-based agents used were at about 2-fold molar excess to Stx1 and about 40-fold excess to Stx2.
All Stx1-binding monomer VHHs in Table 1 were tested for in vivo efficacy, and none led to improved survival (examples are shown in Fig. 6A and B) . To test whether this was due to the small molar excess employed, a series of 2-fold-higher doses of Stx1-A9 was employed, up to 16-fold (640 pmol), which led to no apparent improvement in efficacy (Fig. 6A) . Use of heterodimer or heterotrimer VNAs resulted in a small yet reproducible extension in the time to death in mice intoxicated with Stx1 (some examples are shown in Fig. 6B to D) . No significant improvement in survival was detected using a 2-fold-higher dose (not shown). To determine whether efficacy could be improved by promoting clearance of Stx1, the anti-E-tag efAb was coadministered with either of the two heterotrimer VNAs. An 80-pmol dose of this efAb was employed to provide sufficient Ab to bind to both copies of the tag present on each of the heterotrimer VNAs, thus leading to toxin decoration by up to four efAbs. Inclusion of the efAb resulted in complete protection of mice from clinical signs and death due to Stx1 (Fig. 6C and D) . Administration of efAb alone had no effect on the survival of mice given 1.25 MLD of Stx1 or Stx2.
With Stx2 intoxication, monomer neutralizing VHHs did not improve survival (examples are shown in Fig. 7A and B) . A beneficial effect on survival was observed with heteromultimeric VNAs for Stx2-intoxicated mice (Fig. 7B to D) ; however, these mice had signs of intoxication (lethargy, dehydration, and excessive urination). In contrast, when clearance of Stx2 from serum was promoted by coadministering efAb with the VNA, 100% of mice sur-
FIG 4
Stx1 toxin neutralization by VHH-based agents in a cell-based assay. An Stx1 dose (ϳ15 pmol) that induced nearly 100% Vero cell killing after 48 h was selected. A VHH monomer, VHH monomer pool, or VHH heterodimer, as labeled, was premixed with Stx1 in culture medium and applied to Vero cells. Toxin neutralization was assessed after 48 h by cell staining at A 590 as described in Materials and Methods. The extent of cell staining was plotted as a function of the VHH agent concentration employed. Plots for VHH heterodimers are displayed as dotted lines, and the VHH heterotrimer is displayed as a dashed line. Results shown are from one experiment and are representative of at least three independent experiments. VHH names are as shown in Tables 1 and 2. vived in all groups (e.g., Fig. 7C and D) and displayed no signs of intoxication.
Decorating Stx with efAb to promote clearance by targeting pentameric B subunits. The Stxs consist of a single A subunit and five B subunits. VHHs that bind to the B subunit thus have the potential to bind at five separate sites on each Stx molecule. If each VHH binds to a single efAb, the toxin could become decorated by up to five Ab molecules (see Fig. 3B ), which should be sufficient to promote serum clearance (30) . In prior studies (28), we observed no improved protection when monomeric VHHs recognizing a single toxin epitope were coadministered with efAb. In contrast, coadministering efAb with monomeric VHHs recognizing the pentameric B subunit of Stx frequently provided substantial improvements in survival of toxin challenge. One example, employing monomeric Stx2-D10, is shown in Fig. 7A . In the absence of efAb, the monomeric, toxin-neutralizing VHH delayed death for a day or two, but the animals invariably died, while coadministration of efAb resulted in 100% survival. Virtually identical results were observed in separate studies testing two additional B-subunit-binding, single-tagged monomeric VHHs, Stx2-G1 and Stx2-H6 (not shown).
Treatment with VNAs and efAb protects mice from Stx2-induced kidney toxicity. Stx2-intoxicated mice that survived due to treatment only with the heteromultimer VNA, A9/A5/G1, showed signs of kidney damage due to intoxication (lethargy, dehydration, and excessive urination). The kidneys from mice surviving 1.25 MLD of Stx2 treated with the A9/A5/G1 VNA alone had evidence of damage to distal tubular epithelial cells. Affected tubules demonstrated epithelial cell changes (apoptosis/necrosis, attenuation and restitution, hypertrophy, hyperplasia, and luminal dilation) and additional lesions (tubular atrophy/collapse, interstitial cell proliferation, and early interstitial fibrosis). In contrast, damaged tubules were difficult to identify and significantly reduced in mice that received A9/A5/G1 plus the efAb (Fig. 8D) . A representative image from an untreated age-and sex-matched control kidney with no lesions is shown (Fig. 8A) , revealing minimal kidney damage with A9/A5/G1 plus efAb (Fig. 8B) and severe distal tubular lesions in mice that received this VNA alone (Fig.  8C) . The tubular epithelial lesions are consistent with the stereotypical reparative responses secondary to death of tubular epithelial cells due to Stx2 (unpublished observations) and with Stx2-induced tubular epithelial cell apoptosis (16) . Together with previous results, this suggests that A9/A5/G1 VNA and efAb treatment averted kidney damage by promoting both toxin neutralization and clearance.
DISCUSSION
We previously reported a novel antitoxin strategy that employs a VHH-based neutralizing agent (VNA), consisting of two antitoxin VHHs flanked by two copies of an epitopic tag, to direct the binding of up to four antitag effector Ab (efAb) molecules to the toxin and promote both toxin neutralization and toxin clearance from serum (28) . Here we created and tested VNAs in which a single protein agent neutralizes both of the Shiga toxins produced Tables 1  and 2. by Shiga-like toxin-producing E. coli (STEC) infection. STEC disease can lead to serious, sometimes fatal complications, such as HUS and encephalopathy, for which no specific therapy currently exists. When these VNAs were administered together with the efAb to mice, Shiga toxin-induced mortality was mitigated and renal damage was minimal.
To develop an antitoxin agent effective against both Shiga toxins, we identified and expressed VHHs capable of binding Stx1 and/or Stx2. The VHHs were characterized for their subunit specificity and their toxin binding and neutralization properties. Most Shiga toxin-binding VHHs recognized the B subunit, and these VHHs neutralized their targets in cell assays. Surprisingly, one class of B-subunit-binding VHHs recognized both Stx1 and Stx2. Donohue-Rolfe et al. (32) described a MAb (4D1) with similar binding characteristics. Only one Shiga toxin-binding VHH, an Stx1-specific VHH (Stx1-D4), recognized the A subunit, and this proved incapable of neutralizing either toxin. In total, 9/10 of the unique VHHs tested (Table 1) proved capable of neutralizing their targets, a much higher proportion than previously observed with toxin-binding MAbs (36) . This high proportion may be related to the reported ability of VHHs to bind preferentially to active site grooves on their targets (37) .
Our antitoxin strategy uses VNAs consisting of two or more linked, toxin-neutralizing VHHs recognizing nonoverlapping epitopes on the toxin. VHH heteromultimers were initially developed to facilitate the decoration of toxins at multiple sites so as to promote clearance of the toxin from serum when the VNA is coadministered with efAb (28). Studies described here highlight another frequent advantage of linking VHHs together: increased toxin binding affinity and potency of neutralization. In every instance tested, VHH heterodimer VNAs functioned more effectively as antitoxins in cell and animal assays than did equimolar pools of the component VHHs. In some cases, linking VHHs into VNAs improved the antitoxin potency as much as 100-fold (Fig. 4 and 5 and Table 2 ) and substantially improved in vivo efficacy ( Fig.  6 and 7) .
The identification of cross-specific VHHs that recognized Stx1 and Stx2 made possible the development of a VHH heterotrimer VNA capable of binding to two separate epitopes on each of the two Shiga toxins. Although these cross-specific VHHs were relatively poor at toxin neutralization on their own, when these VHHs were linked to an Stx1-or Stx2-specific VHH, the resulting heterodimers proved to be extremely potent, displaying subnanomolar in vitro IC 50 s. Doubly tagged VHH heterotrimer VNAs consisting of a cross-specific VHH linked to an Stx1-specific VHH and an Stx2-specific VHH were prepared. These agents retained high toxin-neutralizing potency and were effective in protecting mice from exposure to both Shiga toxins, especially when coadministered with the efAb (Fig. 6 and 7) .
These studies lead to a better appreciation of the importance of toxin clearance to the efficacy of antitoxin therapies. The contribution of serum clearance to improved efficacy was most apparent with Stx1, probably because this toxin is less potent in mice. Since a 20-fold-higher dose of Stx1 was required for an MLD than with Stx2, the molar excess of VNA to toxin was 20-fold less with Stx1, and this may have contributed to the poor efficacy of the antitoxin VNAs in protecting mice from toxemia and death. By including the efAb to promote serum clearance, Stx1 becomes decorated Tables 1 and 2 . Test agents that led to significant (P Ͻ 0.01) protection of mice compared to results for "no agent"-treated mice are indicated with an asterisk. Mice receiving agents plus efAb were significantly protected (P Ͻ 0.01) compared to mice receiving the same agent without efAb. Results shown are from one experiment and are representative of at least two independent experiments with each agent.
with up to four efAbs and is thus rapidly cleared through the liver (30) , and this treatment resulted in the complete asymptomatic survival of all mice. The important role of serum clearance was less dramatically demonstrated with Stx2. In this model, mice often survived 1.25 MLD of toxin when given the VNA alone but developed demonstrable kidney damage. Coadministration of efAb fully protected the mice receiving Stx2 from death and kidney pathology.
Since Shiga toxins, which inactivate ribosomes, should be toxic to virtually all mammalian cells they enter, a concern existed that clearance of Shiga toxins using VNAs coadministered with efAb might lead to selective killing of cells responsible for the clearance. Previous results (30) demonstrated that agent clearance occurs in the liver, presumably by low-affinity Fc-receptor-mediated endocytosis primarily in Kupffer cells (27) . Selective killing of these important cells could be a consequence of promoting Shiga toxin clearance. We found that mice treated with VNAs together with efAb did not display clinical signs or microscopic evidence of liver damage (not shown), perhaps because toxin neutralization by VNAs continued after cell uptake.
Our goal is to employ VNAs to treat the disease associated with STEC infection. Shiga toxins, especially Stx2, cause neurological signs and kidney damage in rodents and cause STEC-associated HUS in humans. Several groups generated and tested anti-Stx MAb-based treatments for STEC infection (20) (21) (22) (23) (24) , and their use has shown promise in animal models (23, 25) . However, to ensure protection against both Shiga toxins, such treatments will likely require at least two MAbs that potently neutralize each toxin, and further MAbs may be required to promote serum clearance. Therapeutic agents to prevent HUS consisting of multiple MAbs will likely be complicated and expensive to develop, manufacture, and test in clinical trials. We believe VNA antitoxins could lead to more practical and effective therapies for STEC infection.
A major consideration in development of treatments that prevent HUS must be the timing of the kidney injury in relation to the onset of gastrointestinal (GI) symptoms. If kidney injury occurs early in infection and prior or simultaneous to the onset of bloody diarrhea, as has been suggested (38) , then inactivation of toxins is unlikely to improve the outcome unless it is administered prior to these symptoms. This might be possible, for example, by treating patients who display early signs of gastrointestinal upset or patients suspected to have ingested food contaminated by STEC. Treatment of large populations only considered to be at potential risk of STEC infection would be impractical unless the treatment was extremely safe and inexpensive.
A single VNA that neutralize both Shiga toxins makes possible new, more practical approaches to preventing STEC sequelae. One option would be to engineer gene therapy vehicles, such as adenoviruses, that promote transient secretion of the VNA (and efAb if enhanced potency was needed) into the circulation. Alternatively, strategies for oral delivery of a VNA that are sufficiently safe and economical to permit prophylactic use in at-risk populations may be possible. For example, a VNA could be expressed and secreted in the GI tract by genetically engineered commensal bac- Tables 1 and 2 . Test agents that led to significant (P Ͻ 0.01) protection of mice compared to results for "no agent"-treated mice are indicated with an asterisk. Mice receiving agents plus efAb were significantly protected (P Ͻ 0.01) compared to mice receiving the same agent without efAb. Results shown are from one experiment representative of at least two independent experiments. The Stx2-D10 ϩ efAb agent was tested in only one experiment, but identical results were obtained in tests using two other B-subunit-binding VHHs (Stx2-G1 and Stx2-H6) administered with efAb. Of note, results with A9/A5/G1, with or without efAb, were replicated in four independent experiments, including one in which toxin and agent (with or without efAb) were administered separately (intravenous [i.v.] toxin, intraperitoneal [i.p.] agent).
teria, similar to an approach employed to treat inflammatory bowel disease in an animal model (39) . Alternatively, a VNA could be delivered to the GI tract in capsules or other vehicles that protect the agent through the stomach.
In summary, we have found that a single VNA that is capable of neutralizing both Shiga toxins, coadministered with efAb to promote toxin clearance, can effectively protect mice from lethal doses of Stx1 and Stx2. Since the single agent neutralizes both Shiga toxins, it should be capable of protecting patients from STEC sequelae, such as HUS. The simplicity of the agent and its ease of production make possible a variety of alternative treatment strategies, including genetic and oral delivery routes. Further studies will determine the optimal doses, timing, and route of delivery in STEC models. Ultimately, it is hoped that these agents will form the basis of treatments that reduce or eliminate the tissue damage due to Shiga toxin(s) and STEC-associated HUS.
